INTRODUCTION {#h0.0}
============

Protein misfolding and aggregation in the central nervous system (CNS) appear to be key to the pathogenesis and progression of several neurodegenerative diseases of humans, including prion disease, Alzheimer's disease (AD), Parkinson's disease, frontotemporal dementia, and amyotrophic lateral sclerosis ([@B1], [@B2]). In all of these diseases, an aggregated misfolded host protein appears to accumulate progressively in certain CNS regions, resulting in a fatal outcome after a clinical phase usually lasting years. The specific host protein(s) involved in each of these diseases is different. However, the mechanisms of generation appear to be similar, as all involve seeded polymerization, where a misfolded aggregate binds and catalyzes misfolding of the normal isoform of the homologous protein ([@B3]). This allows the process to spread within the CNS. Although most neurodegenerative diseases are not transmissible between individuals, prion diseases are an exception, and spread of prion infection occurs naturally or experimentally in primates and other animals after exposure to infected tissue or fluids ([@B4]). The ability to initiate disease in experimental animals has made prion diseases a useful model for the study of aspects of other neurodegenerative diseases.

Prion diseases are slowly progressive in tempo, lasting months to years in rodents, ruminants, and primates. However, there is evidence of replication of the infectivity in the brains of mice and hamsters at 21 to 30 days after intracerebral injection ([@B5][@B6][@B7]). This early replication appears to precede the development of neuropathology. During prion disease, the CNS and lymphoid tissues accumulate an abnormal, disease-associated, typically protease-resistant form of prion protein, PrPSc, also known as PrPres or PrPd. PrPSc is derived from the normal host-encoded prion protein PrPC, also known as PrPsen ([@B8]). PrPSc is thought to play an important role in CNS damage, as it often colocalizes with vacuolation and gliosis in gray matter, which are the main pathological features of the disease ([@B9][@B10][@B12]).

Using various mouse prion disease models, previous studies have detected PrPSc in the brain as early as 35 to 70 days after intracerebral inoculation ([@B13][@B14][@B17]). Using mouse scrapie strain 22L, our group previously reported PrPSc and gliosis detectable by immunohistochemistry (IHC) assay at 40 days postinfection (p.i.) but not at 20 days p.i. ([@B18]). Early pathology and clinical signs have also been noted after stereotactic microinjection of scrapie strain ME7 into the hippocampus. In this model, early scrapie-induced neuroinflammation was seen at 56 days p.i., but PrPSc was not tested for ([@B19]). In another study by this same group, behavioral signs, as well as hippocampal PrPSc deposition and synaptic damage, were observed at 84 days p.i. ([@B20]), which was well in advance of the preterminal neurological clinical signs. In summary, in these mouse studies, PrPSc, astrogliosis, microgliosis, vacuolation, and clinical signs were not seen prior to 35 days p.i.

In the experiments described here, we studied very early events in the first minutes to days after infection in wild-type C57BL/10 (C57) mice. Little is known about how the brain initially reacts to the presence of infectious PrPSc introduced by intracerebral injection. Questions include whether there is an attempt by the host to eliminate the abnormally folded PrPSc in the inoculum and also how, when, and where the PrPSc inoculum begins to induce the formation of new PrPSc. Similar questions are also relevant to the initial spread of PrPSc generated by spontaneous conversion or by iatrogenic contamination from tissues or instruments or by the initial process of neuroinvasion from another site of primary infection. To address these issues, we microinjected 0.5 µl of a high concentration (10% brain homogenate \[BH\]) of 22L scrapie into C57 mice. This allowed us to detect the inoculum by IHC shortly after microinjection and also to follow the process of new PrPSc generation at very early time points. C57 mice were compared to PrP knockout (KO) control mice, which do not generate new PrPSc, and to C57 mice injected with normal BH (NBH). PrPSc was studied near the injection site in the striatum from 30 min to 40 days p.i. by IHC, immunoblot, and real-time quaking-induced conversion (RT-QuIC) assays for PrP amyloid seeding activity. Inoculated PrPSc appeared to be immediately transported to perivascular areas by the brain interstitial fluid (ISF) flow, and remarkably, new PrPSc was detectable as early as 3 to 7 days p.i.

RESULTS {#h1}
=======

Detection of 22L PrPSc by IHC assay at 30 min after microinjection into the striatum. {#s1.1}
-------------------------------------------------------------------------------------

To study the spread of prion infection in the brain on a microscopic scale, we microinjected 0.5 µl of 22L scrapie BH into the striata of wild-type C57 or PrP KO mice to initiate a small focal infection site ([@B21]). At 30 min p.i., PrPSc was detected by IHC staining with monoclonal antibody D13 in KO and C57 mice. In both mouse strains, PrPSc staining was not only located in the needle track (NT) wound but also observed in association with capillaries, veins, and arterioles in the striatum, corpus callosum, and cortex near the NT path ([Fig. 1A and C](#fig1){ref-type="fig"}). These perivascular sites and the white matter tracts are known sites of drainage of brain ISF ([@B22]). Thus, the injected PrPSc appeared to be rapidly collected by the ISF system for removal from the brain along with other solutes.

![Detection of PrPSc in 22L scrapie inoculum (Inoc) at 30 min postmicroinjection by IHC assay with monoclonal antibody D13 directed against PrP. (A) In a KO mouse after the microinjection of 0.5 µl of 10% 22L scrapie BH, D13 staining was found in the NT wound in the striatum and also outside blood vessels (arrows) located up to 100 to 150 µm from the NT (dotted line), as well as in the white matter of the corpus callosum (arrowhead) near its crossing point with the NT. (B) No D13 staining was seen in a KO mouse after the injection of NBH. The NT with disturbed tissue is marked by a dotted line. (C) In a C57 mouse after the injection of 22L scrapie, D13 staining was noted on blood vessels (arrow), in the corpus callosum (arrowhead), and in structures at and near the NT wound (dotted line), similar to what was seen in KO mice. The inset shows prominent staining on a vessel that was just outside the field of view shown. (D) In a C57 mouse injected with NBH, no D13 staining of the input inoculum was seen. The light brown background staining seen in C57 mice, but not in KO mice, is due the presence of PrPsen in C57 mice. The scale bar in panel A is 50 µm, and the scale is the same for all of the panels. These panels are representative of multiple replicate mice, as detailed in [Table 1](#tab1){ref-type="table"}.](mbo0051524710001){#fig1}

As controls, C57 and KO mice were also microinjected with 10% NBH, and these control mice showed no evidence of PrPSc staining in the NT regions ([Fig. 1B and D](#fig1){ref-type="fig"}). Thus, the staining observed in 22L-injected mice was specific for PrP from the 22L scrapie inoculum and was not found in the control NBH inoculum.

Detection of newly generated 22L PrPSc from as early as 3 days after microinjection into the striatum. {#s1.2}
------------------------------------------------------------------------------------------------------

Groups of 22L-injected mice were euthanized at various times postmicroinjection to follow the fate of the inoculated PrPSc and the generation of new PrPSc. At low magnification, PrPSc was seen near the NT at all of the time points tested from 30 min to 40 days p.i. ([Fig. 2](#fig2){ref-type="fig"}). Compared to the amount of D13 staining detected after 30 min ([Fig. 2A](#fig2){ref-type="fig"}), there was a marked reduction in staining in the NT after 3 days ([Fig. 2B](#fig2){ref-type="fig"}), suggesting that most of the PrP in the inoculum had been catabolized or removed, but small foci of perivascular D13 staining could be seen in the striatum. At 7 days p.i. and subsequent times up to 40 days p.i., the area and intensity of staining increased progressively around blood vessels of the striatum, cortex, and corpus callosum ([Fig. 2C to F](#fig2){ref-type="fig"}), suggesting that new PrPSc was being generated at those time points.

![PrPSc detection in and near the NT from 30 min to 40 days postmicroinjection of C57 mice with 22L scrapie. (A) At 30 min p.i., D13 staining of the inoculum is seen in the striatum associated with blood vessels (arrows) and in the corpus callosum and cortex (arrowhead) near the NT. (B) At 3 days p.i., less D13 staining is seen near the NT, suggesting extensive clearance of the inoculum. However, some blood vessel-associated PrP (arrow) was visible in the striatum even at this low magnification. (C) At 7 days p.i., blood vessel- and wound-associated D13 staining (arrows) is more prominent than at 3 days p.i. (D) At 20 days p.i., stronger D13 staining was detected in the cortex, corpus callosum, and striatum. Numerous PrPSc-positive blood vessels were noted a short distance from the NT in the striatum (arrow). Dense D13 staining was seen in the NT in the cortex (arrowhead). (E) At 40 days p.i., extensive PrPSc was detected in a larger area of the cortex, corpus callosum, and striatum, often around vessels (arrow). The scale bar in panel A is 200 µm and applies to all of the panels. Similar findings were seen in multiple replicate mice ([Table 1](#tab1){ref-type="table"}).](mbo0051524710002){#fig2}

At 3 days p.i., at a higher magnification of the NT region, only minimal D13 staining was seen in 22L-injected KO mice ([Fig. 3A](#fig3){ref-type="fig"}), which indicated that most of the original inoculum was gone by that time. In contrast, in 22L-injected C57 mice, D13 staining was more abundant and was mostly perivascular ([Fig. 3B](#fig3){ref-type="fig"}, arrows). D13-positive blood vessels were detected at distances of up to 250 µm from the NT. This perivascular D13-stained material appeared to be newly generated PrPSc, as it differed considerably from the nonperivascular D13 staining seen in control NBH-injected C57 mice. In these control mice, a small amount of D13 staining in round structures, possibly axons, and in slightly larger irregular structures, possibly degenerating neurons, was seen near the NT ([Fig. 3C](#fig3){ref-type="fig"}). These structures were similar to PrP-stained structures detected by others at sites of hypoxic or toxic brain damage unrelated to prion disease, which are thought to be upregulated PrPC in response to injury ([@B23][@B24][@B25]).

![IHC analysis of PrP staining by D13 antibody at 3 (A to C) and 7 (D to F) days postmicroinjection of mice with 22L scrapie or NBH. The NT is indicated by the dotted line in each panel. (A) 22L-injected KO mouse showing a small amount of D13 staining (arrowheads) near the NT at 3 days p.i. (dpi). One other 22L-injected KO mice showed no detectable PrPSc at that time (not shown). (B) C57 mouse injected with 22L showing abundant D13 staining mostly around blood vessels (black arrows) in the NT area of the striatum at 3 days p.i. (arrows). On the basis of controls, most of this staining appeared to be new PrPSc generated at that time; however, a small amount of punctate staining (blue arrow) and diffuse staining (blue arrowheads) was similar to the staining in panel C and might be PrPC staining due to the needle stab wound (see below). (C) NBH-injected C57 mouse with D13 staining near the NT at 3 days p.i. D13 staining was observed in small round areas (blue arrows), slightly larger dense areas with projections (thick blue arrows), and some more diffuse areas (blue arrowheads). These structures resembled the PrPC staining previously reported to be degenerating axons and neurons in areas of hypoxic, metabolic, or inflammatory neurological damage, which was not related to prion disease ([@B24], [@B25], [@B63]). However, no perivascular D13 staining was seen in the NBH-injected control mice, and this difference distinguished these control mice from the 22L-injected C57 mice in panel B. (D) At 7 days p.i., in a 22L-injected KO mouse, no D13 staining was seen. (E) At 7 days p.i., a 22L-injected C57 mouse showed extensive perivascular D13 staining similar to that seen at 3 days p.i. (B). However, occasional punctate staining (blue arrows) and diffuse staining (blue arrowhead) were observed to be similar to panels C and F and were consistent with a PrPC response to the needle stab wound. (F) At 7 days p.i., an NBH-injected C57 mouse had a few areas of D13 staining of dense rounded structures (blue arrow) and some diffuse stained areas (blue arrowhead) similar to that seen in panel C, but no areas of perivascular D13 staining were detected. This result suggested that the injury-related PrPC response was almost at its end. In summary, at 7 days p.i., new PrPSc appeared to be more prominent than at 3 days p.i. Similar findings were seen in two to five replicate mice at each time point ([Table 1](#tab1){ref-type="table"}), and each mouse was analyzed at two or three histological levels in the vicinity of the NT. The scale bar in panel A is 50 µm and applies to all of the panels.](mbo0051524710003){#fig3}

Microinjected mice were also analyzed at 7 days p.i. At that time, 22L-injected KO mice showed no detectable D13 staining ([Fig. 3D](#fig3){ref-type="fig"}). In contrast, in 22L-injected C57 mice, D13 staining was very prominent and was almost exclusively perivascular ([Fig. 3E](#fig3){ref-type="fig"}), although some staining was also noted around the edges of the healing NT. At 7 days p.i., in NBH-injected C57 mice, only rare D13 staining was noted ([Fig. 3F](#fig3){ref-type="fig"}) and its decrease by that time was in agreement with the interpretation that this PrP was a response to the needle stab injury. In summary, the presence of perivascular D13 staining in 22L-injected C57 mice and not in control NBH-injected mice strongly suggested that this material was newly generated PrPSc at both 3 and 7 days p.i.

Biochemical analysis of 22L-microinjected mice. {#s1.3}
-----------------------------------------------

To analyze the protease resistance of the PrP near the injection site, brain tissue in the region of the NT was dissected, homogenized, and analyzed for protease-resistant PrPSc by immunoblot assay with phosphotungstic acid (PTA) precipitation and a sensitive detection system (Femto). Low levels of proteinase K (PK)-resistant PrP were detected by immunoblot assay at 30 min and 1 day p.i. in some, but not all, 22L-injected C57 and KO mice ([Fig. 4A and B](#fig4){ref-type="fig"}).

![Biochemical analysis of PrP in the NT region at 30 min and 1, 3, 7, and 40 days after the microinjection of NBH or scrapie strain 22L into C57 and KO mice. (A) Immunoblot assays of C57 mice at various times after 22L injection. Bands between 21 and 30 kDa are PrPSc. Lane 9 is a control NT sample from a C57 mouse at 40 days p.i. where only 1/8 of the usual sample amount was loaded. (B) Immunoblot assay of 22L-injected KO mice. Lane 9 is a control NT sample from a C57 mouse at 40 days p.i. where only 1/8 of the usual sample amount was loaded. Lanes C (control) in panels A and B at lower exposure times were used to verify similar quantitation on both gels. (C) Summary of PrPSc immunoblot assay results, including all of the mice tested at 3 and 7 days p.i. C57 mice differed significantly from KO mice at 3 days p.i. by Fischer's exact test. (D) RT-QuIC time course of PrP amyloid formation with dilutions of BH from a typical single C57 mouse microinjected with 22L at 7 days p.i. (M25). Dilutions: ●, 10^−2.5^; ■, 10^−3.0^; ▲, 10^−3.5^; ▼, 10^−4.0^; ◆, 10^−4.5^. Dilution for a control NBH-injected mouse (M30) at 1 day p.i., 10^−2.5^ (×). Similar negative data were seen in NBH-injected mice (*n =* 3) at dilutions of 10^−2.5^ to 10^−4.5^ as tested for 22L-infected mice (data not shown). Points represent the normalized average ThT fluorescence per 2 µl of each dilution from four replicate wells per dilution measured at multiple time points from 0 to 63 h. Note that the increase in ThT fluorescence occurred later with each progressive dilution. NBH-injected C57 mice were negative by RT-QuIC at 1 day p.i., which was the peak of the nonspecific injury response after injury by microinjection needle stab. (E) RT-QuIC data for single wells. Each point represents one replicate well at the 60-h time point for the dilutions indicated from mice 25 and 30. The number of positive wells/total number of wells tested at 60 h is shown below the dilution for each group of points. PrP amyloid seeding activity, expressed as the SD~50~ per 2 µl, was calculated from similar positive/total well data for all of the mice by the Spearman-Karber method as described in Materials and Methods, and the final data are shown in panel F for each mouse at 3 and 7 days p.i. (dpi). The difference between C57 and KO mice at 7 days p.i. was 10^1.22^, i.e., 16.6-fold, and was statistically significant (*P* = 0.003) by *t* test. At 3 days p.i., these groups were not statistically significantly different. Note that KO mice, which were negative by PrPres immunoblot assay, were positive by RT-QuIC assay. This is likely due to the sensitivity of the RT-QuIC method ([@B59]). In contrast, as shown in panel D, in NBH-injected mice at 1 day p.i. or in noninjected mice, no seeding activity was detectable at any time point up to 60 h for any of the dilutions tested (10^−2.5^ to 10^−4.5^).](mbo0051524710004){#fig4}

At 3 days p.i., the PrPSc signal was detectable in eight of nine C57 mice versus only three of nine KO mice ([Fig. 4C](#fig4){ref-type="fig"}). At 7 days p.i., eight of nine C57 mice had a strong signal ([Fig. 4A and C](#fig4){ref-type="fig"}), whereas none of the nine KO mice was positive ([Fig. 4B and C](#fig4){ref-type="fig"}). NBH-injected C57 mice at 1 day p.i. (*n =* 3), 3 days p.i. (*n =* 4), and 7 days p.i. (*n =* 2) were all negative for PrPSc by immunoblot assay (data not shown). The statistically significant difference in the incidence of PrPSc detection in 22L-infected C57 versus KO mice by immunoblot assay at both 3 and 7 days p.i. strongly suggested that new PrPSc was present at 3 and 7 days p.i.

The RT-QuIC assay is a highly sensitive method for the detection of PrP amyloid seeding activity in prion-infected tissues and cultures ([@B26][@B27][@B28]). Therefore, RT-QuIC was used to test some of the same samples used in the above-described immunoblot assays. PrP amyloid seeding activity was quantitated by testing quadruplicate wells of serial half-log dilutions for each mouse. An example is shown in which serial half-log dilutions were used, starting at 10^−2.5^ for a single mouse at 7 days p.i. In [Fig. 4D](#fig4){ref-type="fig"}, as the sample is diluted, the rise in the thioflavin T (ThT) signal level begins at progressively later times and the signal plateaus at lower levels. In [Fig. 4E](#fig4){ref-type="fig"}, the signal in each of four replicate wells at the 60-h time point is shown. From these data, the endpoint dilution giving 50% positive wells, i.e., the 50% seeding dose (SD~50~), was calculated by the Spearman-Karber method and is plotted for each individual mouse in [Fig. 4F](#fig4){ref-type="fig"}. At 7 days p.i., the SD~50~ titer of C57 mice was 16-fold higher than that of KO mice (*P* = 0.003) ([Fig. 4F](#fig4){ref-type="fig"}). At 3 days p.i., the seeding activity was slightly higher in C57 mice, but the difference from that in KO mice was not significant. Control C57 mice injected with NBH were also tested at 1, 3, and 7 days p.i. and were negative at those time points (data not shown), indicating that the D13-stained aggregates seen by IHC at 3 days p.i. in NBH-injected mice had no PrP amyloid seeding activity.

DISCUSSION {#h2}
==========

In the experiments described here, we studied the deposition, new generation, and spread of PrPSc *in vivo* near the NT in the striatum, corpus callosum, and cortex of the C57 mouse brain at very early times, starting at 30 min after scrapie microinjection. In our previous microinjection experiments with a 0.5-µl inoculum of 1% BH with scrapie strain RML, we were unable to visualize the inoculum at 30 min p.i., and new PrPSc was not detected until 40 days p.i. ([@B21], [@B29]). In the present studies, we injected a higher concentration (10%) of BH and also used the 22L scrapie strain, which had a 10-fold higher infectivity titer. With this combination, the injected PrPSc was visible at 30 min p.i. in both C57 and KO mice. This PrPSc was not only detected in the NT wound but also was seen surrounding numerous nearby small blood vessels, as well as within the adjacent corpus callosum white matter. These locations are known to be areas of drainage of CNS solutes in the brain ISF and are similar to the areas where we and others previously detected an ISF tracer, fluorescein isothiocyanate-ovalbumin, after similar microinjections ([@B22], [@B30], [@B31]).

The transport of PrPSc from the injection site to adjacent blood vessels by ISF flow within 30 min of injection was surprising, as we thought previously that most PrPSc particles might be larger than 500 kDa and thus too large to flow with the ISF ([@B22]). Possibly, most PrPSc aggregates were reduced to less than this size by sonication prior to injection or enzymatic cleavage *in vivo* after injection. Rapid disaggregation of PrPSc has been observed *in vitro* after uptake by cells ([@B32]). In our experiments with KO mice, there was additional evidence that PrPSc in the inoculum was catabolized or removed from the injection site, as it was no longer detectable by IHC or immunoblot assay by 7 days p.i. ([Fig. 3D](#fig3){ref-type="fig"} and 4B and C). However, with the more sensitive RT-QuIC test, low levels of PrP amyloid seeding activity from the inoculum were still detectable in KO mice at 7 days p.i.

Interestingly, in C57 mice at 3 and 7 days p.i., there was evidence by IHC assay of the generation of new PrPSc in perivascular locations near the injection site in the striatum. This was not seen in KO mice, which could not generate new PrPSc. Over the next 40 days p.i., the area of PrPSc IHC staining in C57 mice increased steadily mostly in perivascular locations in the striatum, as well as in the cortex and corpus callosum ([Fig. 2](#fig2){ref-type="fig"}). By immunoblotting, evidence of the early generation of new PrPSc was obtained at both 3 and 7 days p.i. ([Fig. 4A to C](#fig4){ref-type="fig"}). In addition, immunoblot assay data for both C57 and KO mice from 30 min and 1 day p.i. were weak and erratic, indicating that there was no selective trapping of the injected PrPSc by PrPC present in the C57 mice. Moreover, with the ultrasensitive RT-QuIC assay, which measures PrP amyloid seeding activity, a highly significant (16-fold) difference between C57 and KO mice was found at 7 days p.i. ([Fig. 4F](#fig4){ref-type="fig"}). Thus, PrPSc generation does not appear to be a slow process *in vivo*. In support of this conclusion, experiments using lingual injection into hamsters (clinical endpoint, 77 days p.i.) detected PrPSc in the brainstem by IHC assay at 2 weeks p.i. ([@B33]). Our results were also consistent with increases in PrP amyloid seeding activity seen in brain tissue and cerebrospinal fluid from 10 to 30 days after the intracerebral injection of hamsters with 50-µl volumes of scrapie BH ([@B34]), as well as with early increases in PrP amyloid seeding activity in blood corresponding to new replication after the extranasal infection of hamsters ([@B35]).

The new PrPSc generation observed in this system was located mostly near the basement membrane (BM) region of capillaries, as well as small veins and arteries. This perivascular pattern of PrPSc deposition was similar to the cerebral amyloid angiopathy (CAA) seen in scrapie-infected tg44 transgenic mice, which express anchorless PrP ([@B21]). In this model, we previously proposed that smaller PrPSc aggregates capable of flowing with the ISF drainage toward the BM might interact with BM components such as glucosaminoglycans ([@B36][@B37][@B38]) or other cofactors ([@B39][@B40][@B41]) to increase the efficiency of new PrPSc generation, possibly via a scaffolding mechanism ([@B29]). Although the PrPSc in C57 mice is not amyloid, a similar scaffolding process might still occur in C57 mice. However, the ISF flow was not the only mechanism of prion spread in C57 mice, as we also noted typical long-distance PrPSc spread via neuronal circuitry to the ipsilateral thalamus and other areas by 40 days p.i. (data not shown).

In the experiments described here, in NBH-injected C57 mice at 3 and 7 days p.i., unusual dense PrP-staining material was detected near the edges of the NT ([Fig. 3C and F](#fig3){ref-type="fig"}). This staining was similar to some forms of bona fide PrPSc material but also appeared identical to the previously published PrPC staining associated with degenerating neurons and axons seen after hypoxic injury in mice and humans ([@B24], [@B25], [@B42]). Furthermore, the abnormal PrP in NBH-injected mice tested negative for both protease-resistant PrPSc and PrP amyloid seeding activity at 3 and 7 days p.i. (data not shown). Therefore, the abnormal PrP staining in NBH-injected mice was not PrPSc.

Intracerebral microinjection of brain extracts containing aggregated proteins associated with AD, Parkinson's disease, and frontotemporal dementia has also been shown to induce or accelerate the formation of misfolded protein aggregates by a prion-like seeded polymerization mechanism in several murine models. This seeding effect with A-beta (Aβ) or tau fibrils was effective only in transgenic mice expressing mutant APP or tau genes associated with increased AD or frontotemporal dementia in humans ([@B43], [@B44]), but α-synuclein (α-syn) fibrils were able to seed aggregation even in wild-type mice ([@B45], [@B46]). These processes were time dependent and were detectable as early as 2 weeks p.i. for tau and between 1 and 6 months p.i. for α-syn and Aβ. In the cases of α-syn and tau, the abnormal proteins were located inside neurons and were similar to aggregates seen in diseased humans ([@B43], [@B47][@B48][@B49]). In contrast, the amyloid Aβ aggregates often had a perivascular distribution similar to that of CAA noted in humans with AD ([@B44], [@B50]). However, recent evidence suggests that spread of Aβ amyloid might also occur via neuronal circuitry ([@B51]). Thus, the latter model was somewhat similar to our present results with scrapie-infected C57 mice, where perivascular PrPSc was the primary pattern observed from 3 to 40 days p.i. near the injection site but spread by neuronal circuitry to more distant sites was also evident at later times in disease ([@B21]).

The results in the present paper raise the question of why prion diseases are so slow (months to years), when PrPSc can begin replication rather rapidly after infection. Possibly, PrPSc needs to reach a certain minimum level before tissue damage occurs. There may also be particular CNS regions, such as the brainstem, where damage might have a more serious impact on clinical status. At later times, catabolism of PrPSc might be less effective because of aging or prior brain damage, leading to more rapid progression ([@B52], [@B53]). In addition, lower PrPC levels seen later in disease ([@B54]) might reduce the neuroprotective effects of PrPC that have been demonstrated in more acute damage models ([@B24], [@B25]). It is likely that a combination of these possibilities might influence the disease tempo, as none are mutually exclusive. However, the long time between the onset of PrPSc replication and detectable clinical damage leaves open a large window of opportunity for potential drug treatment. This approach would depend on having a noninvasive test for practical use on a large scale to facilitate early diagnosis and allow treatment to begin early, when its effectiveness would be greater. A similar strategy might also be effective in the other neurodegenerative diseases where prion-like protein aggregations occur.

MATERIALS AND METHODS {#h3}
=====================

Ethics statement. {#s3.1}
-----------------

All mice were housed at the Rocky Mountain Laboratory (RML) in an AAALAC-accredited facility in compliance with guidelines provided by the Guide for the Care and Use of Laboratory Animals (Institute for Laboratory Animal Research Council). Experimentation followed RML Animal Care and Use Committee-approved protocols 2011-04 and 2014-2023.

Experimental mice, scrapie strains, and tissue collection procedure. {#s3.2}
--------------------------------------------------------------------

C57 mice were originally obtained from Jackson Laboratories and had been inbred at RML for several years. C57BL/10SnJ-Prnp^−/−^ (PrP KO) mice were described previously in detail ([@B55], [@B56]). Young adult male mice weighing 26 to 30 g were used for all stereotactic inoculations. In order to inject a large amount of infectivity while producing a minimum of damage from the volume of inoculum used, mice were inoculated with 0.5 µl of a 10% 22L scrapie BH. The titer of this stock had been determined previously in C57 mice, and it contained 1.0 × 10^5^ 50% infective doses/0.5 μl. At selected time points postinoculation, mice were euthanized by isoflurane anesthesia overdose, followed by cervical dislocation. Their brains were removed and immersed in 10% neutral buffered formalin (3.7% formaldehyde) for histology. For future use in Western blot and RT-QuIC assays, the region surrounding the NT was dissected, isolated, and frozen in liquid nitrogen. Efforts were made to take the same amount of tissue (approximately 30 mg) from each NT region.

Stereotactic surgery and microinjection. {#s3.3}
----------------------------------------

Mice were anesthetized with isoflurane and positioned on a stereotaxic frame (David-Kopf Instruments, Tujunga, CA). A 1-cm midline incision was made in the skin over the dorsal surface of the skull, and the skull was exposed to allow the positioning of a drill over the bregma point of reference. From the bregma, the coordinates used were +1 mm anteroposterior, +1.7 mm lateral, and −3 mm ventral to the skull surface. These coordinates were selected to target the center of the left striatum and avoid passing through any ventricle. BHs were injected with Nanofil syringes (World Precision Instruments, Sarasota, FL) and steel bevel needles (33-gauge diameter; World Precision Instruments) into the striatum at a rate of 0.25 µl/min with a total of 0.5 µl per mouse controlled with a pump (UltraMicroPump III with a Micro4 pump controller; World Precision Instruments). The needle was kept in place for 2 min following injection to avoid any reflux of the BH solution. The skin incision was closed with sutures. These conditions produced minimal mechanical trauma to the brain. The patency of the needles was verified prior to and after injections. Mice were euthanized by isoflurane anesthesia overdose, followed by cervical dislocation, at different times after injection.

Immunoblot assay detection of PrPSc. {#s3.4}
------------------------------------

Dissected brain tissue from the NT region (approximately 30 mg) was mixed with 270 µl of phosphate-buffered saline (PBS), and a 10% (wt/vol) BH was made with a Mini-Beadbeater homogenization system for 45 s on the homogenate setting. Following homogenization, 80 µl of each sample was removed and processed for RT-QuIC (see below). The remaining two-thirds of the BH from each NT sample (190 µl) was concentrated by a sodium PTA procedure adapted from a previously published method ([@B57]). BH was mixed with an equal volume of 4% Sarkosyl, vortexed, and incubated in a water bath at 37°C for 30 min. Benzonase (5 U/µl) and magnesium chloride (0.1 M) were then added to final concentrations of 50 U/ml and 0.001 M, respectively. Samples were vortexed and incubated in a water bath at 37°C for 45 min. Centrifugation at 5,000 × *g* for 5 min at room temperature was performed, and the supernatant was transferred to a new tube. PK was added to a final concentration of 50 µg/ml, and the mixture was vortexed and incubated in a water bath at 37°C for 1 h. The reaction was stopped with a 5 mM final concentration of Pefabloc. Four percent sodium PTA and 34 mM magnesium chloride, pH 7.4, were added to final concentrations of 0.3% and 2.56 mM, respectively, and the solution was incubated in a water bath at 37°C for 1 h. Samples were then centrifuged at 16,000 × *g* for 30 min at 37°C, and the supernatants were discarded. Pellets were then resuspended in 100 µl of PBS-EDTA (40 ml of 0.5 M EDTA and 60 ml of PBS, pH 7.4), incubated for 30 min in a 37°C water bath, and then centrifuged at 16,000 × *g* for 30 min at 37°C. The supernatants were again discarded, and the pellet was washed with 100 µl of PBS and incubated for 5 min in a 37°C water bath. A final centrifugation at 16,000 × *g* for 30 min at 37°C was performed, and the supernatant was discarded. The pellet was resuspended in 20 µl of Laemmli sample buffer, vortexed, and boiled for 5 min. The entire 20 µl (representing two-thirds of the original NT sample from each mouse) was loaded into a single lane on a 16% Tris-glycine gel and electrophoresed. Gels were transferred to polyvinylidene difluoride membranes with the iBlot transfer system (Life Technologies). Membranes were probed with a 1:100 dilution of human anti-PrP monoclonal antibody D13 derived from cell culture supernatants produced in our laboratory from CHO cells expressing the D13 antibody construct ([@B21]), which were kindly provided by R. Anthony Williamson. Monoclonal antibody D13 recognizes residues 94 to 105 of PrP ([@B58]) derived from mice, hamsters, and squirrel monkeys and has been extensively used for the detection of PrP in immunoblot and IHC assays. The secondary antibody was peroxidase-conjugated anti-human IgG at 1:10,000 (Sigma), and immunoreactive bands were visualized with a SuperSignal West Femto (Thermo Scientific) detection system.

Detection of PrP amyloid seeding activity by RT-QuIC assay. {#s3.5}
-----------------------------------------------------------

To detect PrP amyloid seeding activity by RT-QuIC assay, 10% BHs (80 μl as described above) were centrifuged at 2,000 × *g* for 2 min to remove large particulates. The remaining supernatants were aliquoted and frozen at −80°C for RT-QuIC analysis at a later time. After thawing, supernatants were serially diluted in half-log (10^−0.5^) increments from 10^−2.5^ to 10^−4.5^with PBS, 0.05% SDS, and N2 medium supplement (1×; Gibco), with the 10% BH designated the 10^−1.0^ dilution. Reactions were performed as previously described ([@B28], [@B59]) under the following assay conditions: 0.1 mg/ml mouse recombinant PrP substrate, 130 mM NaCl, 10 µM ThT, and 1 mM EDTA at 42°C ([@B60]). Four wells were subjected to RT-QuIC for each dilution. Each 100-µl reaction mixture was seeded with 2 µl of diluted sample, resulting in a final SDS concentration of 0.001% during incubation. The number of positive wells/total number of wells at each dilution for each sample was determined on the basis of ThT fluorescence at 60 h, and this value was used to calculate the seeding activity, which was defined as the inverse of the dilution giving positive reactions in 50% of the replicate wells, i.e., the SD~50~ per 2 µl of sample for each BH by using the Spearman-Karber formula for titer calculation ([@B61]).

Immunohistochemical detection of PrPSc. {#s3.6}
---------------------------------------

Brains were removed and placed in 10% neutral buffered formalin for 3 to 5 days. Whole brains were divided coronally into four regions, (i) the olfactory bulb to the bregma, including the entire striatum; (ii) the middle thalamic area; (iii) the midbrain, and (iv) the cerebellum. These tissues were then processed and embedded in paraffin. The block including the striatum was cut into 5-µm coronal sections through the entire striatum region. Every eighth section from the striatum was stained with hematoxylin and eosin to determine the NT location. Additional sections from the other three areas (thalamus, midbrain, and cerebellum) were obtained from mice at various time points as needed.

Sections were cut with a standard Leica microtome, placed on positively charged glass slides, and air dried overnight at room temperature. On the following day, the slides were heated in an oven at 60°C for 20 min. Deparaffinization, antigen retrieval, and staining were performed with the Ventana automated Discovery XT stainer. Because of the intense aggregation of PrPSc, immunostaining of PrPSc requires stringent antigen retrieval at high temperatures. In these experiments, PrPSc antigens were exposed by incubation in CC1 buffer (Ventana) containing Tris-borate-EDTA, pH 8.0, for 100 min at 95°C as previously described ([@B62]). Staining for PrP was done with the human anti-PrP monoclonal antibody D13 described above. For the IHC assay, D13 culture fluid was used at a dilution of 1:100 for 2 h at 37°C. The secondary antibody was biotinylated goat anti-human IgG at a 1:250 dilution (Jackson ImmunoResearch, West Grove, PA), and streptavidin-biotin peroxidase was used with 3,3′-diaminobenzidine (DAB) as the chromogen (DAB Map kit; Ventana Medical Systems, Tucson, AZ). Hematoxylin was used as a counterstain for all slides. In the region of the NT, sections at two or three levels separated by 50 to 70 µm were analyzed to demonstrate the reproducibility of the findings.

In previous experiments comparing D13 with humanized monoclonal antibody D18, which recognizes PrP residues 133 to 157 ([@B58]), we found very similar patterns of PrPSc deposition in mouse scrapie infection models. Furthermore, in preliminary experiments with scrapie-infected Syrian hamsters or mice expressing hamster PrP (not shown), IHC results with antibody D13 were identical to results seen with antibody 3F4, which recognizes residues 107 to 112 of hamster PrP just C terminal to the D13 epitope.

The overall experimental plan and number of mice examined by pathology per group are shown in [Table 1](#tab1){ref-type="table"}. In most cases, three or more mice per time point were examined, but occasionally when multiple time points were examined, only two mice were available. The photomicrographs shown in the figures are representative of typical fields seen in replicate mice. Slides were examined, and photomicrographs were taken and observed with an Olympus BX51 microscope and MicroSuite five software.

###### 

Overview of the mice used per group in IHC studies of cellular accumulation of PrPSc at various time points after injection

  Inoculum[^a^](#ngtab1.1){ref-type="table-fn"} and mouse strain[^b^](#ngtab1.2){ref-type="table-fn"}   No. of mice/group[^c^](#ngtab1.3){ref-type="table-fn"}                   
  ----------------------------------------------------------------------------------------------------- -------------------------------------------------------- --- --- --- --- ---
  22L                                                                                                                                                                            
      C57                                                                                               5                                                        2   5   3   5   6
      KO                                                                                                3                                                        2   2   2       
  NBH                                                                                                                                                                            
      C57                                                                                               3                                                        2   2   3   3   3
      KO                                                                                                2                                                                2       

The inoculum was 0.5 µl of 10% scrapie BH or NBH.

Mice were C57 or PrP KO on a C57 background, as described in Materials and Methods.

The time points shown are minutes or days postinfection.
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